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THERMAL NEUTRON CALIBRATION OF A TRITIUM
EXTRACTION FACILITY USING THE
6Li(n,t)“He/lglAu(n,Y)lggAu
CROSS SECTION RATIO FOR STANDARDIZATION
by
M. M. Bretscher and D. L. Smith

Argonne National Laboratory

ABSTRACT
Absolute tritium activities in neutron-activated metallic

lithium samples have been measured by liquid scintillation methods
to provide data needed for the determination of capture-to-fission
ratios in fast breeder reactor spectra and for recent measurements
of the ’Li(n,n't)"He cross section. The tritium extraction facility
used for all these experiments has now been calibrated by measuring
the 6Li(n,t)L*He/197Au(n,Y)198Au activity ratio for thermal neutrons
and comparing the result with the well-known cross sections. The

calculated-to-measured activity ratio was found to be 1.033+0.018.

ix



I. INTRODUCTION

Years ago a technique1 was developed for measuring absolute tritium
activities induced in metallic lithium samples (usually enriched in 6Li) which
had been irradiated in Argonne's fast critical assemblies. From these activities
6Li neutron absorption rates were obtained which, when combined with other
data, allowed the determination of capture-to-fission ratios for most of the
fissile isotopes in typical fast breeder reactor spectraz's. Absolute OLi
absorption rates determined by this method also permitted the evaluation of‘
the perturbation denominator® and the breeding ratio’ in LMFBR critical
assemblies. Finally, the tritium extraction facility developed for these
studies has now been used in a recent measurement of the 7Li(n,n't)“He cross
section in the 7-9 Mev energy rangea.

However, questions have arisen regarding a possible large systematic
error associated with the tritium extraction process as a result of a joint
study with Dr. H. Farrar of Rockwell International. The Bretscher/Farrar
experiment is described in some detail in the Appendix. Briefly, however, it
consisted of irradiating, under identical conditions, 16 small aluminum-clad
natural lithium samples (=22 mg) in the form of short thin wires in the
thermal column of the Argonne Thermal Source Reactor (ATSR). Because of the
®Li(n,t)"He reaction, equal amounts of tritium and helium were produced in
each of the samples. Half of the samples were analyzed for helium content by
H. Farrar who used a mass spectrometer to measure the 3He/“He ratio after the
sanple had been vaporized in a known quantity of 3He. The remaining samples
were analyzed by Bretscher for tritium using the extraction apparatus and
methods previously developed for ZPR measurements. Although the precision was

good in both sets of measurements, it was found that the measured helium yield



per gram of lithium was about 9% larger than the measured tritium yield.
Subsequent measurements by both Farrar and Bretscher have failed to remove this
systematic difference. (See Appendix)

Because of the important implications this discrepancy may have on the
previous ZPR measurements and on the recent 7Li(n,n't)“He cross section
determinations, this thermal calibration was undertaken to see 1f a systematic
loss of tritium associated with the extraction procedures could be identified
and, if necessary, accounted for. The calibration method consists of simultan-
eously irradiating in equal thermal fluxes thin gold and lithium foils of the
same diameter and equal thicknesses, as measured in units of absorption
mean free paths. The measured 6Li(n,a)/lgBA(n,Y) activity ratio is then
compared with that calculated from the well-known thermal cross sections.

Flux perturbation and neutron self-shielding effects cancel in the activity
ratio determination provided the foil geometries meet the above conditions and
neutron scattering effects within the foils are negligble. The results of

this thermal calibration are described below.

II. EXPERIMENTAL METHODS

A. Foil Preparation

To minimize self-shielding corrections, it i1s necessary to use thin
lithium and gold foils for the thermal irradiation. At the same time foils
need to be thick enough so that they can be easily handled and ;eighed with a
neglegible mass uncertainty.

With these limitations in mind, lithium metal depleted in ®Li was obtained
from the Stable Isotopes Division of the Oak Ridge National Laboratory. This

material contained about 1.5 wt% ®Li. Because of the importance of knowing the
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61i content in the lithium samples as accurately as possible, additional mass
spectrum measurements were made at both Oak Ridge and Argonne. The results
of these measurements are discussed in the following section.

Since lithium is an extremely reactive metal, foil samples were prepared
in a clean dry argon atmosphere. A special glove box with thick rigid walls
was first evacuated to remove N, Op and water vapor, all of which react
quickly with lithium metal, and then filled to one atmosphere with 99,9997
pure argon (supplier's specification). Within this atmosphere the lithium
metal billet was removed from its shipping container, cleaned of excess mineral
0il by blotting with paper towels, placed in a new stainless steel beaker and
melted. After scraping off surface scum, the molten metal was poured into a
stainless steel extrusion die and allowed to cool. Upon reaching ambient
temperature, the lithium metal was extruded through a 1.125 in. x 0.008 in.
slit using a hydraulic jack. Foil samples, 0.750 in. diameter, were punched
from the central portion of this ribbon and weighed on a microbalance. Each
foil was weighed three times and the balance was frequently calibrated with a
standard 50 mg mass. Throughout these operations the lithium foils retained
their bright shiny appearance. Following the weighing operation the foils
were placed into specially prepared aluminum (Type 1100) covers, 0.018 in.
thick, designed to accurately center the sample. These assemblies were put
into individual dessicators, removed from the glove box, and sealed around the
circumference by a cold welding technique using a hydraulic press. Except for
the final sealing operation, which required less than 30 sec. per sample, all
operations were performed in the argon—-filled glove box. Figure 1 shows a

photograph of the various stages of the lithium foil fabrication.
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Following assembly, the sealed samples were placed in a chamber and
subjected to ~ 2 atm of helium pressure for an hour. They were then checked
for leaks using a helium mass spectrometer leak detector. The total assembly
mass of each sample was also determiﬁed shortly after the sealing operation.
Since these initial leak test operations were performed about 4 months before
the samples were used, they were repeated immediately before the irradiation.
None of the samples used in the thermal calibration measurements gave any
evidence of leaking by these tests, providing assurance that no tritium was
lost in the interval between neutron irradiation and tritium extraction.
However, one sample, foil #5, showed an apparent mass increase, suggesting a
leak and subsequent reaction with air, and so was rejected. Table I summarizes
the foil and assembly masses.

Three fourths inch diameter gold foils where punched from a sheet of gold
0.0005 in. thick and having a purity of 99.999% as specified by the supplier.
Aluminum covers, identical to those used for the lithium foils, were used to
enclose the gold foils during the irradiation. Gold foil masses are also

included in Table I.

B. Lithium Sample Assay

The lithium assay provided by the Isotopes Division of the Oak Ridge
National Laboratory at the time the sample was purchased is reproduced in
Table 1I. Unfortunately, no estimate of the error associated with these
measurements was given, nor could the original mass spectra data be traced
since these records had been destroyed. Because of the importance of knowing
the ®Li content of the foils to the best possible accuracy, additional mass
spectrum measurements were made at both ANL and ORNL. These results are

shown in Table III.
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Table I. Lithium and Gold Foil Masses
Magsd Assembly Mass,b g Mass@
Li Foil g Initial Final Au Foil g

1 0.033136 1.32970 1.32964 1 0.069120
2 0.033615 1.34251 1.34249 2 0.069865
3 0.070850

4 0.032855 1.34044 1.34036 4 0.070050
5¢ 0.031730 1.33430 1.33829 5 0.070325
6 0.031135 1.33424 1.33422 6 0.067690
7 0.069885

8 0.069920

9 0.030380 1.32882 1.32871 9 0.070385
10 0.030192 1.33502 1.33491 10 0.070690
11 0.068040

12 0.069395

13 0.032990 1.32950 1.32945 13 0.067060
14 0.033266 1.33547 1.33540 14 0.070940
15 0.070335

16 0.033240 1.32975 1.32961 16 0.070440
17 0.033420 1.32280 1.32276 17 0.070075
30 0.033185 1.32985 1.32976 18 0.068620
19 0.070780

20 0.070460

21 0.069455

22 0.069602

23 0.070280

3The uncertainty in the foil mass is * 0.01 mg.

bThe uncertainty in the assembly mass is * 0.08 ng.
CSample rejected because increase in assembly mass suggests leak.



Table II. Lithium Sample Assay
(ORNL Isotope Sales)

Batch No.

eavy Metals

4726340

98.22
98.47
99.8500
0.0744
0.0015
0.0083
0.0107

PPM
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Table III. Mass Spectroscopic Measurements of Lithium
Foil Material (ORNL Batch No. 4726340)

Laboratory 7L1/°L1 Ratio

ORNL-Isotope Sales 55.18%0.634
ANLD 54.04%0.27
ORNL-J. R. Walton 54.423+0.058
Weighted Ave.:

Atom % OL1 Weight % °Li
1.78%0.02a 1.5300.0174

1.8169+0.0089  1.5617+0.0077

1.8043£0.0018 1.5509+0.0016

1.5512+0,0020

Weight % Li

99.85
99.15£0.37

3Error estimate only. Based on conversation with J. A. Carter and

J. Franklin of ORNL.

bMeasurements made by E. L. Callis, A. E. Essling, G. Reedy, R. J. Meyer

and K. J. Jensen of ANL.
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The exceptional accuracy of the last ORNL measurement resulted from the
use of a primary standard whose ®Li content was very well known (i.e.

2.308 * 0.0001 atom % ®Li). The error quoted in Table III for this measure-
ment is the result of combining the uncertainty of the standard with the
random error associated with the determination of the ’Li-to-°Li atom ratio
for both the standard and the sample.

In addition to the mass spectrum measurement, the total Li content of
the foil material was measured at ANL by isotopic dilution methods. Four
unirradiated lithium foil samples were used for these measurements. After
cuttihg off the seal, the aluﬁinum top was removed and the exposed lithium
foil dissolved in a known amount of alcohol. A known spike of ®Li was added
aqd the lithium mass spectrum of the resulting.solution determined. Since
the mass spectrum of the foil materiallhad beén méasured previouély, the
total lithiunm éontent of the foil could be evaluated. Because traces of
lithium had not dissolved in the alcohol, the aluminum clad material for
each sample was dissolved iﬂ HC1 and the residual lithium determined by
atomic absorption methods. Results of these isotopic dilution/atomic

absorption measurements are also shown in Table III.

C. ATSR Irradiations

Lithium and gold foils were simultaneously activiated in the graphite thel
mal column of the Argonne Thermal Source Reactor (ATSR). The ,foil assemblies
were mounted on an aluminum disk 10 inches in diameter and 1/16 inch thick, in
twelve equally spaced 13/16 inch diameter holes located at a radial distance
of 4.25 inches from center of the disk. During the irradiations the disk was
rotated at a uniform speed by méans of an electric motor such that all the

foils were equally irradiated. The disk was located in a void having a 4x13
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inch cross section. During irradiations the plane of the disk was parallel to
the reactor leakage face and about 100 cm from it, with the disk axis aligned
with the center line of the graphite thermal column. The various foil irradia-

tions are described in Table IV.

Table IV. ATSR Foil Irradiations

Reactor Time at

Date Power, kW Power, min. Purpose

4/10/80 5 15 Activation of aluminum clad lithium and
gold foils.

4/11/80 5 15 Activation of gold foils for cadmium ratio
measurements.

4/17/80 10 15 Activation of some lithium foils and
additional gold cadmium ratio measurements.

5/28/80 0.1 7.5 Gold foil activations to determine gamma

effeciency of Ge(Li) detector by 4mB-y
coincidence counting.

NOTE: Cadmium covers for the cadmium ratio measurements had a thickness of
0.041 in. ’

D. Tritium Extraction Procedures

The process for removing tritium from activated lithium samples has been
described previouslyl, but in the interest of completeness will be summarized
here. Tritium is removed from irradiated lithium samples by an isotopic
dilution method? using normal hydrogen as the carrier gas. The extraction
apparatus is illuStrated in Fig. 2. After placing the irradiated sample in
the furnace, the system is evacuated and valved off, and about 1 atm of ultra-pure
(99.999%) hydrogen is added from the calibrated reservoir. As the oven
temperature increases, the sample melts and molten LiH forms at about 750°C.
Additional hydrogen is added to maintain a pressure of ~ 1 atm as the temperature

Continues to rise.
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As the temperature in the lithium oven approaches 900°C, lithium hydride
readily decomposes with the liberation of a mixture of hydrogen and tritium
gas. Using a metering valve, this hydrogen—tritium mixture is then allowed
to slowly pass over a hot (~ 750°C) bed of freshly activated CuO. The hydro-
gen reduces the CuO with the formation of water vapor which is collected in
liquid nitrogen cold traps, carefully weighed and sealed in glass ampules for
subsequent analysis by liquid scintillation counting methods. The run is
terminated when all the hydrogen in the calibrated reservoir has been con-
verted to water, which is then vacuum distilled into the second trap and
carefully weighed. 1In a typical run about 5.8 grams of tritiated water are
collected.

To prevent the possibility of cross contamination, a fresh stainless
steel (Type 347) liner is used for each sample analysis. Before use, these
liners are treated with 6 molar HCI, cleaned, and then outgassed for 6 hours
in a vacuum oven at 1000°C. Type 347 stainless steel was chosen for the
liners and furnace walls because of its low hydrogen permeation rates!?® and
because it is more corrosion-resistant to molten lithium and lithium hydride
than most materials.

A greater fraction of hydrogen is converted to water if freshly activated
CuO is used in place of a commercial grade. This material is prepared by
passing hydrogen over commercial grade CuO (in wire form) at a temperature of
about 350°C until all the CuO has been reduced to copper. After pumping out
the excess hydrogen, the oven temperature is raised to about 500°C and oxygen
is allowed to pass over the bed until a freshly activated surface of Cu0
forms. The CuO oven is then outgassed for about 15 hours at 750°C before

beginning the extraction process.
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The initial pressure in the calibrated Hp reservoir is accurately
measured by means of a fused quartz pressure gauge, manufactured by Texas
Instruments Company and calibrated against NBS standard weights. Periodically,
this gauge calibration is verified at atmospheric pressure by comparing the
reading with that obtained from an absolute mercury barometer. A typical set
of such measurements is shown in Table V. The volume of the hydrogen reservoir
was initially calibrated by carefully weighing the amount of distilled water
required to fill the tank. Later, a second calibration was performed in which
a special gas cylinder was fabricated whose volume was accurately»determined
from the known internal dimensions. By measuring the initial and final pres-—
sures when hydrogen gas was isothermally expanded from one cylinder to the
other, the volume of the hydrogen reservoir was obtained. Combining the
results of both calibrations gave the volume V = 3870 % 4 ml.

Knowing the initial values of P, V, T for the hydrogen carrier gas and
the final mass of water collected, it was found that in a typical run about
0.8% of hydrogen was lost during the extraction process. Without a lithium
sample present this observed loss amounted to about 0.3% with the lithium
oven on and about 0.1% with the oven off.

Most of the hydrogen loss during the extraction results from the con-
densation of LiH onto the cooler surfaces of the liner near the top of the
oven. Some hydrogen is also lost by adsorption and permeation into the
furnace walls. However, a correction for these losses can be ;pplied by the
methods described above if one assumes that the fractional tritium loss is
the same as that for hydrogen.

This last assumption was tested in the Bretscher/Farrar measurements

described in the Appendix. These irradiated samples had a high-enough
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activity so that, in principle, a 1% tritium loss in the Li-Al residyc coul
be measured. For some of these samples a second tank of hydrogen was ugeq
following the primary extraction. Then without opening the system o alr
and with the lithium oven cooled‘to room temperature, the lithium—alum{nun
residue was dissolved in water and the released hydrogen converted to Steam
and collected in the cold traps. The insoluble aluminum residue wag removed
from the water sample by centrifuge techniques and the dissolved lithium by
triple vacuum distillation. Tritium loss during the primary extraction wasy
then determined from the activity of these water samples. The resultg are
shown in Table VI. It is seen that tritium loss is adequately accounted for
by the measured hydrogen loss during the primary extraction. Each of thesge
natural lithium samples had a mass of about 23 mg. If all the lithium in
the residue consisted of LiH, the expected hydrogen loss would be about 0.5%,
Adding this to the measured 0.2% loss by adsorption and permeation giveg a
total hydrogen loss of about 0.7%. This is consistent with the observed 1logg

shown in Table VI.

E. Tritium Activity Measurement

The activity of the tritiated water samples was determined by liquid
scintillation counting. Each sample was diluted with an accurately weighed
amount (~ 5 ml) of laboratory distilled water, divided in two, and counted
in two different facilities. Both counting facilities were calibrated by
substandards prepared from the NBS tritiated water standard SRM 4926-cll
whose stated activity was 3.406 x 103 dps/g (* 0.63%) on the reference date
9/3/78. The tritium activity of Argonne's distilled water was recently
measured!? to be 3.02 dpm/g (* 2%) and so for the purposes of these measure-
ments introduces a negligible correction. For decay corrections a tritium

half life of 12.33 * 0.04 yrl3 was assumed using Sher'sl* error estimate.
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Table V. Calibration at Atmospheric Pressure Fused Quartz Gauge vs. Barometer

Fused Quartz Gauge Mercury Barometer
Date psia psia
9/24/79 14.410 % 0.002 14.409 % 0.004
9/25/79 14.435 £ 0.002 14,430 * 0.004
9/26/79 14.460 £ 0.002 14.456 * 0.004
9/27/79 14.379 £ 0.002 14.381 % 0.004
9/28/79 14.290 % 0.002 14.301 £ 0.004
4/15/80 14.129 % 0.002 14.148 * 0.004
4/16/80 14.466 * 0.002 14.471 % 0.004
4/17/80 14.459 £ 0.002 14.465 £ 0.004
6/3/80 14.333 = 0.002 14.347 £ 0.004
6/4/80 14.463 £ 0,002 14.461 * 0.004

Table VI. Expected and Observed Tritium Losses During Extraction Process

Irradiation m(C)a Atab
Sample Date m(E) A
M4 1/21/77 1.0073 1.0053
M 8 1/21/77 1.0068 1.0041
M 12 1/21/77 1.0075 1.0051
M 16 1/21/77 1.0065 1.0077
M 20 1/21/77 1.0074 1.0067
M 22 1/21/77 1.0091 1.0041
M 30 1/21/77 1.0080 1.0080
M 22 7/1/77 1.0070 1.0060
M 24 7/1/77 1.0077 1.0054

4m(C) = calculated water mass from initial P, V, T hydrogen measurements.
= measured mass of collected water for primary extraction.

= measured activity of primary water sample. .
Ar = measured activity following primary extraction, mostly associated with
Li-Al residue.
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One of the liquid scintillation counting facilites is a non-commercial
instrument15 used by ANL's Applied Physics Division. This instrument uses
two RCA 8850 photomultiplier tubes facing each other in a silicone oil-
filled plenum and operated at rooﬁ temperature. The electronic analysis
of coincidence pulses is similar to that described in Ref. 16 except no
anticoincidence shield is provided for reducing background counts. Preci-
sion cylindrical vials with flat quartz windows 1.500 inches in diameter and
having a volume of 12.0 ml are fitted between the two tubes. To determine
the tritium activity, 5 ml of the water sample is dissolved in 25 ml of a
dioxane—base liquid scintillator!?. This solution is first bubbled with pure
argon to inhibit quenching effects of dissolved oxygen and then pipetted into
two cdunting vials. The efficiency of the counting system, as determined
with the NBS standard, is typically about 40% for the dynode channels and 43%
for the anode channels, with corresponding background count rates of 0.6 and
1.3 cps, respectively.

Samples were also counted on a commercial liquid scintillation counting
facility18 with automatic sample changing features by D. L. Bowers of the
Chemical Engineering Division. With this instrument and Packard's!® scintil-
lation cocktail INSTA-GEL, 43% counting efficiencies are typical with back-
ground count rates of 15-20 cpm. The low background count rates are mostly
the result of the phototubes operating in a refrigerated environment (13°C).

Within counting statistics, the same specific activities were measured

with each counting facility.

F.  Gold Activity Measurement

The disintegration rate of 1984y in thermal neutron activated foils was

measured with a Ge(Li) detector which was calibrated by two independent
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methods. To correct for decay, a 19844 half life of 2.697 * 0.003 d!3 was
assumed.

The first calibration method involved the irradiation of several 0.750
inch diameter 1/2-mil thick gold foils mounted on the rotating disk in the
ATSR graphite thermal column. For each foil the absolute activity was
determined by 4WB-Y coincidence counting. Various corrections were applied
to the data as discussed in Ref. 19. These calibrated foils were then
counted in a close, but reproducible, geometry using the Ge(Li) detector
ad justed to accept the 412-keV gamma rays from 1984y decay. These measure-
ments provide an efficiency calibration for the Ge(Li) detector which does
not require the use of any standards, nor an accurate knowledge of the gamma-
ray decay branching factor for 1984,. The results of this calibration are
summarized in Table VII. It is seen that the efficiency of the Ge(Li)
detector for measuring 198, disintegrations was 0.01934 (%0.53%) when the
full-energy peak yield of the 412-keV gamma rays was recorded in a close,
reproducible geometry.

The second approach for calibrating the detector required the use of
standard gamma ray sources and a knowledge of the gamma-ray branching ratio
for the decay of 198,,. Two standard gamma-ray sources were used. Each
was a sealed point source mounted on mylar. These sources were obtained
from different suppliers, and they had been independently calibrated. A
137Cs source was obtained from the U.S. National Bureau of Standards.?29
The quoted accuracy in the yield of 661-keV gamma rays is *2.2%. A 192gy
source was obtained from the Laboratoire de Metrologic des Rayounemeuts
lonisants, Saclay, France.?! Thisg source produces several gamma-rays. The

+

quoted uncertainties ranged from * 2.07 for the strongest transition to

* 6.1% for the weakest transition.
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Table VII. Calibration of Ge(Li) Detector for 412 KeV
Gamma Rays Using a 4mB-Y Counter

dps/g cps/g Efficiency
Au Foil Mass, g (4mwB~Y) Ge(Li) YA
2 0.069865 20973 406,71 1.9392
4 0.070050 20915 404,35 1.9333
5 0.070325 20944 404,06 1.9292
7 0.069885 20791 403.85 1.9424
9 0.070385 20931 402.05 1.9208
15 0.070335 20970 406.27 1.9374
Average 1.9337
Standard Deviation: 0.0078
Standard Deviation
of the Mean: 0.0032
Estimated Systematic
Error: (0.5%) 0.0097

The variation of the full-energy-peak detection efficiency with gamma-

ray energy was measured for the Ge(Li) detector using the 1528y source. The

measurement was made with the source positioned far enough from the detector

so that complicated geometry corrections could be avoided.

The measurements

were reproduced several times, and a smooth curve was fitted to the data.

Then, both the 1°2Eu and !37Cs sources were used to measure absolute effi-

ciencies for the Ge(Li) detector at a distant, reproducible, position. These

data and the relative efficiency curve were used to determine the absolute

efficiency for counting 412-keV gamma rays at the same position.
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Next, several gold foils were irradiated in the ATSR to a sufficient
level of activity to permit measurements to be made at the calibrated, dis-
tance position mentioned above. The gamma activities for these foils were
determined in this fashion. Then, they were allowed to decay for several
half lives and were subsequently counted in the close position which was used
for the 6Li(n,t)”He—to—197Au(n,Y)198Au thermal cross section ratio experiment.
These data, in conjunction with the known 412-keV gamma ray branch factor of
0.955 (* 0.1%)!3 were used to obtain an efficiency of 0.01935 (* 1.8%) for
the Ge(Li) detector. This value is in remarkably good agreement with the
value deduced from the 4mB-Y measurements. Also, it should be noted that the
measurements with the !%2Eu and !37Cs sources yielded results which differed
by only ~ 0.7Z%.

For the simultaneously irradiated lithium and gold foils, the neutron
fluence had to be high enough to get reasonable tritium counting statistics.
Therefore, the gold foils had much too high an activity to be immediately
counted on the 4mB-Y coincidence system with reasonable dead time losses.

A wait time of about 3 weeks would have been required and this would have
introduced an error of 0.6%Z due just to the uncertainty in the 198Ay half
life. Since it was desired to determine the gold activity to the best
accuracy possible, both the Ge(Li) detector and the 473-Y coincidence

counter were needed for these measurements.
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III. CALCULATED ®Li(n,t)“He/!%7Au(n,Y)!%8Au ACTIVITY
RATIO for THERMAL NEUTRONS

A. Thermal Neutron Flux Perturbation Due to An Absorbing Foil

The effect of an absorbing foil on a thermal neutron flux, both in the
foil and in the surrounding medium, has been extensively treated by theoretical
and experimental investigations. For an excellent review see Ref. 22. Suppose
a purely absorbing foil is activated by an isotropic flux of monoenergetic
neutrons. Following the notation of Hanna23, the activity, A, per unit mass
of a foil of radius R and thickness t relative to that of an infinitely thin

foll, A,, is

A _a i (1)
A, 2t I+ga/2

where 1 is the foil thickiness in absorption mean free paths. The other
quantities are defined below.

TEI,¢t = (z“/'A) Ny oy (2)

Here, (m/A), Ny, AW and 0, are the foil mass per unit area, Avogadro's
number, the atomic weight and the microscopic absorption cross section,
respectively.

a=1- 2 E3(T) 3)

[ o]
where E3(1) = [ x3 e~ TX gx
1

2 3 4 5
=l—1+1—[%- —ln‘r:|T z + =

2 2 1°31 ~ 241 T 3510 ¢

Y = Euler's constant = 0.57721566...

For tables and properties of the exponential integral E3(t) see Ref. 24,
Hanna?3® has developed an approximate expression for €, which is an edge effect
correction for foils of finite radius.

€= % (%) [1 - - A(ZRr/t)] *)

Tabulated values of the function A(2RT/t) are given in Ref. 23.
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The a/2t term in Eq. (1) is the correction for neutron self-shielding
within the foil, while [1 + ga/2)71 accounts for the neutron flux depression
in the region surrounding the foil. 1In this expression, g is a function which
depends only on the properties of the diffusing medium and on the foil

radius. Again referring to Ref. 23,

g8 = 85 (8v/8s™) (5)
where

8s = (BL/2X)S(R/L) - K(2R/A,y). (6)

Here A, L and y are the total mean free path, the diffusion length, and the
ratio of the total to the scattering mean free paths, respectively, of the

diffusing medium. Also,

4X X 43 @)
S(X) ﬂ §_+m "‘1'9—2"'-..

where X = 2R/L. Graphs of (8v/8s™) and K(2R/A,y) are given by Ritchie
and Eldridge25. To somewhat account for anisotropic scattering, A may be
replaced with A.., the transport mean free path, in the equation for

8s23. For graphite, y ~ 1 and 26

K % (1/15) (R/A¢y) for R<Aeyp. (8)
Eq. (1) applies to the case of a pure absorber. For an infinite radius
foil with a non-zero scattering cross section, the self shielding term may be

written as 23,

:>|:>

= o(1t) + I3 ,
0 27y 21¢ Kt

provided the foil is thin enough so that second scattering events may be

neglected. In this equation,
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T = ztott y Tg = Zst

and
K(te) = 4.81ty - 28.4 12 + 74.7 1.3, 1, < 0.15 .

To approximately account for scattering, Eq. (1) can be multiplied by the

scattering correction factor (SCF),

=|2(Te) | Tg o
SCF [éTt + 27 K(te) 27

For the lithium and gold foils used in this calibration measufement,

SCF(Li) = 1.0018 and SCF(Au) = 0.99995.
Therefore, scattering will be neglected from further consideration.

(1) is for monoenergetic neutrons and so must be modified for foils

Eq.

activated by thermal neutrons. For a 1/v purely absorbing foil in a Maxwellian

spectrum in graphite, where g is nearly independent of neutron speed, Eq. (1)

becomes 23

A s e 9)
A, 2T 1+ga/2
® 2y 2 o2
T =f (v)v3e ¥ AL dv f vie™V AL dv
o o
LA (10)
2 o

where 1, is the value of T at the most probable neutron speed v, and where &

and € are also Maxwellian-averaged values. Hanna2l? gives a series expansion

for @/27, namely,



-22-

& .1-I9 (3.3 _ ) - 12
VE 1 v < 7 5Y " 1ln1, 152/3
+ 0.047016 143 (1.717 - 1n 7o) + 0.01111 rg (11)

- 0.000784 1,5 (2.33 - 1n To) + . . .
- 23

An approximate expression for & is
_ it AT (12)
ez = <“R> [l 7 To A(ZRT/t)] .

If the foil is irradiated in a cavity large enough so that a negligible
number of neutrons passing through the foil are scattered back through the foil
again, the flux is not depressed in the neighborhood of the foil. The only
effect is that of neutron self-shielding within the foil. For this case Eq. (9)

reduces to

. & ~y e (9a)
= (1+8)

&>

It was indicated in Section II.C that the disk on which the foils were mounted
rotated in a void having a 4" x 13" cross section. Thus, about a 2 inch gap
existed between the plane of the foils and the graphite on each side. 1In view
of this geometry it is not entirely clear which equation, (9) or (9a), gives the
better approximation. For this experiment the flux depression factor [l+ga/2]~!

is very nearly equal to unity because the foils are thin and the diffusing

medium is graphite and so Egs. (9) and (9a) give nearly the same answer. A careful

look at Eq. (9) shows that if the lithium and gold foils have the same effective
thickness, 1, and equal radii, and if scattering effects within the foils are
negligible, neutron flux perturbation éffects cancel when activity ratios are
determined. This condition was only approximately met in the present set of

measurements.
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How well Eq. (9) represents experimental foil activities as a function
of thickness has been the subject of a number of studies. (See, for example,
Refs. 22 and 23). Martinez?8 found that for a series of 1/2-in.-diameter
indium foils ranging in thickness f;om 0.00002 in. to 0.020 in. irradiated by
thermal neutrons in a graphite cube, Eq. (9) agreed with the experimental
curve within the * 2% experimental accuracy. For the thin lithium and gold
foils-used here the uncertainty in the application of Eq. (9) is expected to
be less than 0.57%.

Finally, the activity per unit mass for an infinitely thin foil irradiated

in a constant Maxwellian flux ¢}, at temperature T = 293.6K for a time te is

A (tg) = él Nact 0act(0253eV) g ¢¢p (l—e-Ate) (13)
where

Nact = number of nuclei (®Li or 197au) per gram of foil that can be
activated.

Oact = the 2200 m/sec activation cross section.

g = the Westcott g-Factor.

te = the time foil was exposed to the constant flux 9th that began
at time t, = O.

A = the radioactive decay constant for the activated foil.

Ao(te) = the foil activity per unit mass (dps/g) at time tg.

B. Calculated Thermal Neutron 6Li(n,t:)'*He/197Au(n,Y)198Au Activity Ratio

From the equations given above the expected 6Li(n,t)/197Au(n,Y) thermal
neutron activity ratio was calculated. The data used for this purpose are
collected and shown in Table VIII. ENDF/B Version V29 2200 m/sec (.0253eV)
cross sections were used with error estimates taken from Ref. 30. Table IX
summarizes the numerical values of the various factors needed to evaluate
A/A, and the activity (per unit flux) A, of an infinitely thin foil at the
end of a tg = 15.0 min irradiation. Finally, the 6Li(n,t)/197Au(n,Y) activity

ratio was calculated to be



YA

A [®Li(n,t)*He) /A [197Au(n,y)!%8Au] = 2.7933 x 10-3 (* 1.1%).
The various factors contributing to the overall uncertainty in this calculated

ratio are summarized in Table X.
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Table VIII. Fundamental Data

Quantity Value Reference/Comments
WtZ4 Li in Foil . 99.15 Table III
weZ bLi 1.5512 Table III
WtZ Au in Foil 100% Supplier Specif.
wez 1374 100%
Foil Radius, R 0.9525 cn R(Li) = R(Au)
Ave. Foil Mass/Area, m/A(Li) 11.6868 mg/cm?
m/A(Au) 24.6440 mg/cm?
Foil Density, p(Li) 0.5383 g/cmd Ref. 31
p(Au) 19.32 Ref. 22
Ave. Foil Thickness, m/A, t(Li) 0.02171 cm
p t(Au) 0.001276 cm
Half Life, Ty/p (3H) 12.33 £ 0.04 yr Refs. 13, 14
T1/2 (198Au) 2.697 * 0.003 d Ref. 13
Thermal Flux Exposure Time, tg4 15.0 min

2200 m/sec Cross Sections (barn):

bLi op 936.64 ENDF/ B~V
" og 0.71046 "
oy 0.03850 "
" Og 935.89 (* 0.43%) "
"Li op 1.086 "
" Og 1.050 "
" oy 0.036 "
197 pu o 105.55 "
og 6.84 .
oy 98.71 (* 0.30%) "
Westcott g—Factor:
611 (n,t)"He 1.00004 ENDF/B-1IV
197au(n, y)198au 1.00506 ENDF/B-III

Graphite Thermal Column:

L 54.2

0.03 em Ref. 26
0.5 cm Ref. 26

I+ 1+
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Table IX. Calculated 6Li(n,t)L*He/197Au(n,Y)198Au Activity Ratio

Calculated Values

Quantity Li Foil Au Foil Equation

To = Tao (2200 m/sec value) 1.68778x1072  7,43757x10~3 2

Teo 1.79187x107%2  7.95295x1073 2

Tso " 1.04092x1073  5,15378x10~% 2

T =T, " 1.49575x1072  6.59137x10~3 10

a/21 0. 95500 0.97675 11

I+e 1.00651 1.00043 12

g 0.42231 0.42231 6,7,8

(1+ga/2)~1 0. 99400 0.99729

AlAq 0. 95545 0.97452 9
2.04766x107®  7.18705x107" 13

Ay(te) [per unit flux]

A(3H) /A(198An)

2.79334x1073 (% 1.1%)

Table X. Error Estimate in Calculated A(3H)/A(!%8au) Activity Ratio
Quantity Error 7%
Nact (°Li) 0.8
oy (1974u) 0.30
Ty/2 (°H) 0.32
T1/2 (1984u) 0.11
A/ Ao 0.4
Total* 1.1

*Added in quadrature.
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IV. MEASURED ®Li (n,t)"He/!'%/Au(n,y)!9%Au ACTIVITY RATIO
for THERMAL NEUTRONS

A. Tritium Activities

Lithium and gold foils were simdltaneously irradiated in the ATSR graphite
thermal column for 15 min at a power level of 5 kW on 4/10/80, as described
in Section II.C. A second, but smaller, set of lithium and gold foils was
irradiated on 4/17/80 at 10 kW for 15 min. Using the methods described
earlier, tritium was extracted from each of the lithium samples, converted to
tritiated water and counted by liquid scintillation methods. Each water
sample was diluted with a carefully weighed amount of distilled water (~ 5 g).
The diluted sample was divided into two equal amounts, each sealed in a 5 ml
glass ampule. With the methods described in Section II.E, tritium activities
were determined using two distinct liquid scintillation counting systems. For
later reference, the Applied Physics Division counter will be referred to as
the AP Counter, and the Chemical Engineering Division Tri-Carb System as the
CE counter. Both counting systems were calibrated relative to the NBS standard,
SRM 4926-C. 1!

Table XI gives the parameters needed to convert the measured activity in
dps/g-Hp0 to dps/g-Li foil. In this table m(F) is the lithium foil mass, m{C)
the calculatedeater yield based on P, V and T measurements of the hydrogen
initially present in the calibrated reservoir (Fig. 2), and m(E) the measured
mass of collected water. Finally, m(D) is the mass of distilled water with
which the sample was diluted. The last column in the table gives the multi-
plication factor for converting dps/g-H,0 to dps/g-Li foil.

The measured sample activities for both counting systems are summarized
in Table XII. Errors shown in the table are random errors only and do not

include estimates of systematic errors. Random errors were calculated on the



Table XI. Tritium Sample Parameters

ATSR Sample  Foil H,0 H,0 H,0 [DF][m(C) |
Irrad. I.D. m(F), g m(C), g m(E), g mw(C)/m(E) m(D), g DF* m(F)
4/10/80 Li-1 0.033136 5.76163 5.73035 1.00546 4,99543 1.87175 325.456

" Li-2 0.033615 5.80376 5.75745 1.00804 5.01853 1.87166 323.149

Li-14 0.033266  5.81995 5.70625 1.01992 5.02577 1.88075  329.041
Li-16 0.033240  5.79453 5.75249  1.00731 5.11713  1.88955  329.394
Li-17 0.033420 5.78439 5.74048 1.00765 5.13082  1.89380 327.799
Li-30 0.033185 5.80152 5.76441  1.00644 5.03108 1.87278 327.406

4/17/80 Li-4 0.032855 5.90008 5.85829 1.00713 5.51586  1.94155  348.662
" Li-9 0.030380  5.84448  5,80309 1.00713 5.49945  1.94768  374.693

_82_

*DF = dilution factor = [m(E) + m(D)]/m(E)
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Table XII. Tritium Activities in Activated Lithium Foils
(Random Errors Only)

ATSR dps/g-Foil dps/g-Foil

[rrad. Foil (AP Counter) (CE TRI-CARB) Ave. dps/g-Foil

4/10/80 Li~1 5580 * 47 5550 * 34 5565 * 29
" Li-2 5636 * 47 5530 * 40 5583 * 53
" Li-14 5598 * 35 5629 * 34 5614 * 24
" Li-16 5642 + 54 5693 * 35 5668 * 32
" Li-17 5585 % 53 5579 * 34 5582 * 31
" Li-30 5625 * 61 5588 * 34 5606 * 35

Weighted Mean:2 5608 + 19 5597 £ 23 5605 = 15

4/17/80 Li-4 11032 * 98 11114 * 63 11073 * 58
" Li-9 11005 * 99 10210 * 58 10608 £ 398

Weighted Mean:2 11019 + 70 10625 * 450 11063 + 66

4The error in the weighted mean is taken as the larger value of ox] or

o%2 where o) = [z, 0 (% - x)?/(- 1)1, ;|12 and
ozp = 2. (& )2 5 2|1/2 ofz  |1/2 .
X2 1 \ox,) %1 i

= 2
w, 1/0i
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basis of pure counting statistics and for repeated counts for the same vial
and for different vials containing the same sample. The larger of these
errors is the one shown in Table XII.

This table shows that the AP and CE Counting Systems give tritium activi-
ties that are consistent with each other. The exception is foil Li-9 which is
expected to have the same specific activity as foil Li~4. For the AP counter
the measured activities for both foils are in good agreement. However, the CE
TRI CARB system gives a Li-9 foil activity about 87 lower than that of foil
Li-4. Since no explanation for this discrepancy has been uncovered, this
highly suspect data point has not been rejected.

The known systematic errors for the lithium foil measurements are listed
in Table XIII. Also listed is the weighted mean for the tritium activity per
gram of foil at the end of each ATSR irradiation, together with the correspond-
ing total (random plus systematic) error estimate.

Table XIII. Systematic Errors and Total Error in the
Average Tritium Activity per Gram of Foil

Quantity Systematic Error, 7
NBS Calibration 0.63
Secondary Standard-Dilution Errors 0.04
Tritium Decay Correction 0.03
n(F) 0.03
n(C) - P, V, T measurements 0.12
m(E) negl.
n(D) negl.
TOTAL: 0.64
ATSR Irradiation ’ AC3H) - dps/g Foil
4/10/80 5605 * 39 (0.69%)

+
4/17/80 11063 * 97 (0.88%)
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B. Gold Activities

The gold foil activities were measured with a Ge(Li) gamma detector
whose efficiency was determined by 4m8-Y coincidence counting and with the
use of calibrated gamma standards (see Section II.F). Activities were
determined for single 1/2-mil thick gold foils and for sets of two 1/2-mil
foils placed back-to—back in contact with each other. The results of these
measurements are shown in Table XIV and Table XV, where activities have been
adjusted to the time corresponding to the end of the ATSR irradiation.

The measured gold foil activities need to be corrected for the small
contribution of the epithermal activation of the 4.9 eV resonance. Thus,

Aepi ACd -
Acp, = A [1- Feq —A—] = A[l - Fgq/CR]
where
Arp = activity due to thermal neutrons;
CR = A/Acq = cadmium ratio, the activity of a bare foil to that of

a cadmium covered foil;

Fcq = Aepi/Agq = correction factor for the absorption of epithermal
neutrons by the cadmium covers.

The cadmium ratio for both single and double thickness 1/2-mil gold
foils was measured at the same location in the graphite thermal column where
the bare gold and lithium foils were irradiated. For these measurements
cadmium covers 1.0 mm thick were used. From information given in Refs. 19
and 22, the Fgq correction factor was determined. These quantities, together
with the thermal neutron gold activities, are shown in Table XVI.

Because the ®Li(n,t)“He cross section does not have a low energy
resonance, epithermal activation of the lithium foils is expected to be
negligible. This can be shown in the following way. The cadmium ratio for

the 1/v absorber may be written as (Ref. 22, p. 281):



Table XIV. Absolute Gold Foil Activities (Random Errors Only)
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ATSR Single Gold Foil Double Gold Foils
\

Irrad. Foil Mass(g) dps/g, x108 Foil Mass(g) dps/g, x10°
4/10/80 5 0.070325 2.0965 % 0.0084 2 0.069865 2.0601 = .0082
" 8 0.069920 2.1048 * 0.0210 4 0.070050 2.0602 * ,0206
" 9 0.070385 2.0875 * 0.0063 7 0.069885 2.0582 = ,0165
15 0.070335 2,1017 * 0.0210 17 0.070075 2.0586 t ,0165
Weighted Mean:2 2,0920 * 0.0048 2.0596 £ ,0064
4/17/80 10 0.070690 4.0304 %= 0.0252 11 0.068040 3.9799 * 0.0159
19 0.070780 3.9728 * 0.0080
Weighted !Mean:2 4,0304 % 0.0252 3.9742 £ 0.0071

4See note at bottom of Table XII.

Table XV. Systematic and Total Errors in the Average Gold Activity
per Gram of Foil

Quantity Systematic Error, %
Ge(Li) Detector Efficiency 0.53
1984y Decay Correction 0.4
Gold Foil Masses negl.
TOTAL: 0.67

ATSR Irradiati

on

A (198au) - dps/g,x108

4/10/80 Single
4/17/80 Single

4/10/80 Double
4/17/80 Double

Foil
Foil

Foil
Foil

2.0920 £ 0.0148 (0.71%)
4.0304 * 0.0369 (0.92%)

2,0596 * 0.0152 (0.74%)
3.9742 % 0.0276 (0.69%)
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Table XVI. Thermal Neutron Gold Foil Activities

ATSR Thickness(u) Arp
Irrad. = /A Feq CR [1- Fcq/CR] dps/g, x10°
o)

4/10/80 12.8 1.085 209 * 2 0.9948 2.0811 (0.71%)
25.4 1.110 271 * 3 0.9959 2.0512 (*0.74%)

4/17/80 12.8 1.085 209 * 2 0.9948 4.0095 (£0.92%)
25.2 1.110 271 * 3 0.9959 3.9579 (0.69%)
—

CR =-% 7 [Eca/kT]1/2

where Ecq is the cadmium cut-off energy (~ 0.67 eV for 1 mm cadmium covers)
and kT is the neutron energy corresponding to the most probable speed in a
Maxwellian flux (i.e. 0.02533 eV at T = 293.6 K). 1In a soft spectrum, r is
approximately equal to the ratio of the epithermal-to-thermal flux. One can
evaluate r from a measurement of the cadmium ratio for a thin gold foil for

which the resonance integral is known. Again from Ref. 22, p. 278, for a thin

foil:
=
CR - Fgq = %- El 8(293.6 K) 0,,+(2200 m/sec)/RI
where RI = f O4¢ct(E)JE/E = resonance integral
Ecd

g = Westcott g-factor at T=293,.6 K.
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For a 1/2-nil gold foil,

CR = 209

Fcqg = 1.085

g = 1.00506 ENDF/B-III
Oact = 98.71 b ENDF/B-V2?
RI = 1562 b ENDF/B-v32

From this data and the above equations the cadmium ratio for the lithiun
foils was estimated to be
CR(Li) =~ 8.4 x 103,

Hence,

Ath _ . - 3
A - 1 - Fegq (Li)/CR] =1 - 2.8/8.4 x 10° = 0.9997;

therefore, no epithermal activation correction was applied to the lithium

foil activities.

C. Measured Thermal Neutron ®Li(n,t)*He/!%7Au(n,y)!%Au Activity Ratio

From the data in Tables XIII and XVI the measured thermal neutron activ-
ity ratio 6Li(n,t)/197Au(n,Y), AR(E), can be evaluated. The result for the
1/2-mil gold foils is shown in Table XVII. Finally, the measured and cal-

culated activity ratios, AR(E) and AR(C), are compared in Table XVIII.

Table XVII. Measured Thermal Neutron 6Li(n,t)”He/197Au(n,Y)198Au
Activity Ratio, AR(E)

ATSR Random Systematic Total -
Irrad. AR(E) Error, % Error, % Error, %
4/10/80 2.693x10~3 0.35 0.93 0.99
4/17/80 2.759x10™3 0. 86 0.93 1.27
Weighted

Mean 2.702x10"3 0.84 0.93 1.25
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Table XVIII. Comgarison of the Calculcated (C) and
Measured (E) 6Li(n,t)L*He/19 Au(n,Y)lBaAu Thermal Neutron Activity Ratio

AR(C) AR(E) C/E

2.793x1073 (£ 1.1%) 2.702x1073 (% 1.3%) 1.033 £ 0.018

V. CONCLUSION

The system used to extract and count tritium from neutron-irradiated
lithium metal samples has been calibrated by a thermal neutron activation
technique. Thin lithium and gold foils were simultaneously activated in
the graphite thermal column of the ASTR reactor such that the neutron
fluence was the same for each foil. Using previously developed methods,
tritium was extracted from each lithium sample, converted to tritiated
water, and counted by standard liquid scintillation methods on two dif-
ferent systems. Gold foil activities were measured with a Ge(Li) detector
calibrated by 4m3-y coincidence counting.

The measured ®Li(n,t)“*He/!%7Au(n,y)!%8Au thermal neutron activity ratio
was‘found to be (2.702 % 0.034)x1073. Using the well-known thermal neutron
cross sections and making flux perturbation corrections, the calculated ratio
was found to be (2.793 * 0.031)x1073, Therefore, the calculated-to-measured
ratio is C/E = 1.033 % 0,018,

Two conclusions follow from this result:

1) In the Bretscher/Farrar experiment (see Appendix) the helium con-

centration was found to be 9% larger than the tritium concentra-
tion for neutron—activated natural lithium samples. This 9%
discrepancy cannot be the result of systematic errors associated
with the tritium extraction and counting techniques, as the above

C/E ratio demonstrates.
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2) On the basis of this calibration, we do not recommend ad justing any

of the previously measured 6Li(n,t)a reaction rates in the various
- ZPR fast critical experiments nor the recently determined 7Li(n,n't)a

cross sections for systematic tritium losses of unknown origin.
Although the error assigned to the C/E ratio does not overlap unity,
this error is the 1 o value. Thus, within the 95% confidence level
the C/E ratio is indeed unity. Furthermore, most of the error
assigned to the C/E ratio érises from uncertainties in the ®Li(n,«)
and 197Au(n,Y) thermal cross sections, the 3H and !98Au half lives,
the calibration of the NBS tritiated water standard, and the 6L
content of the foil material. Except for the oL concentration,
errors assigned to these quantities are literature-recommended values

and, at least in some cases, may be unrealistically small.
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APPENDIX: THE BRETSCHER/FARRAR COMPARISON

This experiment was designed to test the tritium extraction and counting
procedures used at ANL to measure absolute neutron absorption rates in lithium
metal samples irradiated in the ZPR fést critical assemblies. For tritons
produced in the 6Li(n,cx)3H reaction, an equal number of alpha particles are
generated. This experiment consisted of measuring both the tritium and helium
produced in natural lithium metal samples exposed to the same neutron fluence.
The tritium extraction and counting was done at ANL. Dr. Harry Farrar from
Rockwell International (RI), Canoga Park, California, measured the helium
accunulation in the samples using very specialized mass spectrometer techniques.

Samples were prepared in a glove box containing high purity argon
(99.999%). To remove dissolved helium, the natural lithium metal was melted
in the glove box and pure argon was allowed to bubble through the liquid for
one hour. Following this operation, the molten lithium was poured into an
extrusion die and then maintained at 260°C in vacuum for 21 hours. After
cooling to room temperature, lithium wire 1.8 mm diameter was extruded, cut
into 18 mm lengths, weighed, and sealed by cold welding in aluminum (Type
1100) capsules 20 mm long and 2.4 mm o.d. All these operations were performed
in the high purity argon-filled glove box.

Fifteen of these samples were irradiated on a rotating disk located in
the graphite thermal column of the ATSR reactor so that each sample was
exposed to the same neutron fluence. Eight of these samples were analyzed at
ANL for tritium content using the same methods described in Sections II.D
and II.E of this report.

The remaining samples, including unirradiated ones, were sent to RI for
helium analyses. In its simplist form, the helium analysis consists of

vaporizing the lithium capsule, spiking the sanple gas with a calibrated
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quantity of 3He, and using a mass spectrometer to measure the “He/3He ratio.
It was observed that the presence of argon in the samples caused the release
of helium adsorbed from previously-measured larger samples due to the inert
gas bombarding the system walls. This "helium memory effect"” problem was
overcome by using a new furnace and a liquid-nitrogen—cooled charcoal trap
getter which were reserved for use only with small helium samples. A correc-
tion of ~ 0.2% had to be applied for “He released from unirradiated lithium
samples.

The results of the measurements of the tritium and helium concentrations
are summarized in Table A-I. Details of the helium measurements have been
published in a number of Atomics International reports (see Refs. 33 and 34).
This table shows the measured helium concentration is about 9% larger than
that determined for tritium. A number of investigations were performed to try
to resolve this discrepancy.

3He builds up in the irradiated‘samples as a function of time because of
the beta decay of tritium. For this reason, several of the samples analyzed
by H. Farrar were not initially spiked with 3He so that both the 3He and “He
content in the samples could be measured, though perhaps with somewhat less
precision than that obtained by the spiking technique. Assuming “He and 3H
are produced in equal quantities during the irradiation, one can easily
calculate, from the half life of tritium, how the “He/3He ratio decreases as
a function of time. Farrar's measured and calculated “He/3He ratiosé“ are com—
pared in Table A-II, where a tritium half life of 12.33 yrs was used. The
first two samples in this table were analyzed within 2 weeks of the irradiation
and the last two about 440 days later. For the last two samples the measured

and calculated ratios agree within the estimated * 1% (1lo) uncertainty of the

measurement. These results indicate that:
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Table A-I. 3H and “He Production from the bLi(n,u.)3H Reaction
Li Mass 34 Concentration “He Concentrationd

Sample ng (101% atoms/g Li) (1015 atoms/g Li)

10 22.700 1.329

11 22.895 1.425

12 22,610 1.317

13 22.850 1.437

14 22.360 1.307

15 22.765 1.477

.16 22.740 1.329

17 22,770 1.464

18 22.715 1.311

19 22.690 1.452¢

20 22,650 1.323

21 22.640 l.447¢

22 22.800 1.362b.

23 22,640 1.469

24 22.800 1.360P

Weighted Mean:

1.330 + 0.015d

1.455 = 0,004

ASee Ref. 34.

banalyzed ~ 261 days after initial set.

CAnalyzed ~ 440 days after initial set.

dCombined systematic error (0.95%) and random error (0.55%).
Systematic error arises from NBS calibration and uncertainty
in tritium half life.

Table A-II. Helium Generation in Irradiated Lithium Samples@
Lithium Mass “He/3He Ratio
Sample mg Measured Calculated
11 22.895 686 660
15 22.765 376 387
19 22.690 14.79 14.66
21 22.640 14.55 14.60

4See Ref. 34.
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1) No measurable amount of tritium leaked from the sample
before analysis.

2) No significant amount of “He was produced in the sample
from (n,o) reactions due to sample impurities such as
boron.

3) Systematic errors associated with JHe and “He measure-

ments must be small.

The absolute calibration of the high sensitivity mass spectrometer used
for these helium analyses was checked by measuring the helium concentration
in the earth's atmosphere.aL+ The measured results agreed within 1% of the
currently accepted value. 3°

One more test is underway at Rockwell International. Aliquots of
tritiated water from the ANL extractions, along with a sample of the NBS
tritiated water standard, have been supplied to RI for special helium
measurements. After pumping out all helium from these water samples, known
quantities of water will be sealed in vials of Corning Type 1720 glass which
is very impervious to helium. After a known period of time the samples will
be analyzed for 3He resulting from the beta decay of tritium, following a
technique first used by W. B. Clarke, W. J. Jenkins and Z. Top.37 Results
from these measurements will allow a direct comparison of tritium activities
measured at ANL with those found from the SHe determinations, as well as an
independent calibration of the NBS tritiated water standard.

The ANL tritium extraction and liquid scintillation counting procedures
also have been carefully re—examined. Tritiated water samples were prepared

from both the old and the new3® NBS standards. The ratio of measured

activities was found to be in excellent agreement with that calculated from
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the calibration data. For the measurements reported in Table I the old NBS
standard had been used. Within the accuracy of the measurements (~ 0.5%),
light-quenching effects in water produced by the extraction process were the
same as in distilled water used to prepare secondary tritium standards.
Tritium activities were measured as a function of the time that the hydrogen-—
tritium mixture remained in the lithium oven before being allowed to flow
over the %ot Cu0 bed (see Fig. 2 of this report). For times of 45 (normal
operation) 90, and 135 min, no observable change in the tritiated water
activities was observed. Measured tritium activities were also found to be
independent over a wide range of hydrogen flow conditions. Normally hydrogen
flows continuously from the lithium oven, through a metering valve, and across
the CuO until all of the initial hydrogen in the reservoir has been used (see
Fig. 2). In some measurements, however, the initial hydrogen—tritium mixture
was pumped through the CuO oven and converted to ice in liquid nitrogen traps
before additional hydrogen from the reservoir was flushed through the system.
The same activities were measured for the discontinuous as for the continuous
hydrogen flow conditions.

The origin of the ~ 9% discrepancy between the Rockwell International
helium measurements and the ANL tritium measurements remains a mystery. From
the measurements described above, there does not appear to be a bias in the
mass spectrometer helium measurement method. At the same time the 6Li(n,a)aﬂ/
197Au(n,Y)lgsAu thermal calibration measurements given in this report indicate
that the 9% discrepancy cannot be attributed to systematic errors associated
with the tritium extraction and counting procedures. Without additional ANL/RI

comparisons, it appears very unlikely that this matter will be fully resolved.
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